Post-mortem morphometric studies report reductions in the average density and size of cortical neurons in the dorsolateral prefrontal cortex (dlPFC) and orbitofrontal cortex (ORB) in major depressive disorder (MDD). The contribution of specific neuronal phenotypes to this general pathology in depression is still unclear. Post-mortem sections from the dlPFC and ORB regions of 14 subjects with MDD and 11 controls were immunostained to visualize calbindin-immunoreactive (CB-IR) and parvalbumin-immunoreactive (PV-IR) presumptive GABAergic neurons. A three-dimensional cell counting probe was used to assess the cell packing density and size of CB-IR neurons in layers II + IIIa and PV-IR neurons in layers III-VI. The density of CB-IR neurons was significantly reduced by 50% in depression in the dlPFC and there was a trend toward reduction in the ORB. The size of CB-IR somata was significantly decreased (18%) in depression in the dlPFC with a trend toward reduction in the ORB. In contrast, there was no difference in the density of PV-IR neurons between the depressed and control groups in the dlPFC. The size of PV-IR neuronal soma was unchanged in depressed compared to control subjects in either dlPFC or ORB. In depression, subpopulations of GABAergic neurons may be affected differently in dlPFC and ORB. A significant reduction in the density and size of GABAergic interneurons immunoreactive for calcium binding proteins was found predominantly in the dlPFC region. These cellular changes are consistent with recent neuroimaging studies revealing a reduction in the cortical levels of GABA in depression.
INTRODUCTION
Morphometric studies in post-mortem tissue have demonstrated reductions in the average density and size of Nissl-stained neurons in the dorsolateral prefrontal cortex (dlPFC) and orbitofrontal cortex (ORB) in major depressive disorder (MDD) (Cotter et al, 2002b (Cotter et al, , 2005 Rajkowska et al, 1999) . The neuronal pathology was most prominent in layer II of ORB and in layers II, III, V, and VI of dlPFC. However, the specific neuronal cell types contributing to this general pathology in depression are unclear.
Our recent study on presumably glutamatergic pyramidal neurons in layer III stained with a specific antibody against neurofilament protein NF200 revealed no significant change in this subpopulation of neurons in dlPFC of subjects with MDD as compared to nonpsychiatric controls or subjects with schizophrenia . By contrast, in another study on elderly depressed subjects, our observation of a significant reduction in the density of neurons with pyramidal morphology in the ORB suggests a deficit in glutamatergic neurons .
Other studies of post-mortem human and primate cerebral cortex have identified three distinct subpopulations of nonpyramidal GABAergic neurons that can be identified with antibodies specific to calcium binding proteins: calbindin-D28k (CB), parvalbumin (PV), and calretinin (Beasley et al, 2002; Conde et al, 1994; Cotter et al, 2002a; DeFelipe, 1997; Uylings et al, 2002; Zaitsev et al, 2005) . Only two human post-mortem studies have investigated these neuronal subpopulations in depression (Beasley et al, 2002; Cotter et al, 2002a) . Both studies were carried out in the same cohort of psychiatric subjects, one in the dlPFC (Beasley et al, 2002) and the other in the anterior cingulate cortex (Cotter et al, 2002a) . The low number of subjects studied (per each cerebral hemisphere) and the use of twodimensional counting techniques were limitations in both of these studies. No significant differences in the density of calbindin-immunoreactive (CB-IR) or parvalbumin-immunoreactive (PV-IR) GABAergic neurons were found between MDD and control groups in either cortical region. However, clinical evidence is emerging to suggest that MDD is associated with reduced levels of GABA in the plasma, cerebrospinal fluid, and neocortex (Petty, 1995; Sanacora et al, 1999 Sanacora et al, , 2000 Sanacora et al, , 2004 . A proton magnetic resonance spectroscopy study revealed a large, 52% reduction in GABA levels in the occipital cortex of 14 medication-free depressed subjects as compared to 18 healthy control subjects (Sanacora et al, 1999) . Later studies by the same investigators demonstrated that low levels of GABA in the occipital cortex in depressed patients can be reversed by treatment with selective serotonin reuptake inhibitors (SSRIs) or ECT (Sanacora et al, 2002 (Sanacora et al, , 2003a . Interestingly, in the occipital cortex of healthy controls, SSRI treatment also results in the acute elevation of GABA (Bhagwagar et al, 2004b) .
In light of clinical observations of altered GABA levels in depression and the limitations in studies of GABAergic neurons in post-mortem tissue, the goal of this study was to re-examine the pathology of subpopulations of GABAergic neurons in a new cohort of subjects with MDD. Immunohistochemistry and a three-dimensional (3-D) cell counting technique were used to assess the cell packing density and size of CB-IR and PV-IR GABAergic neurons in depression. Either one or both of these neuronal subtypes are altered in the frontal cortex in schizophrenia (Beasley and Reynolds, 1997; Beasley et al, 2002; Cotter et al, 2002a; Daviss and Lewis, 1995; Iritani et al, 1999; Kalus et al, 1997; Reynolds and Beasley, 2001) or bipolar disorder (Beasley et al, 2002; Benes and Berretta, 2001; Cotter et al, 2002a) . Previous studies have not identified significant changes in the density of calretinin-IR neurons either in MDD or schizophrenia (Daviss and Lewis, 1995; Reynolds and Beasley, 2001) . Therefore, as we had a limited number of prefrontal sections available per subject we chose not to include calretinin in our study.
It was hypothesized that the density and size of CB-IR and PV-IR neurons would be altered in depression in prefrontal cortex (dlPFC and ORB), as reductions in the neuronal density and size of the Nissl-stained general population of neurons have previously been reported in these regions in MDD (Cotter et al, 2002b; Rajkowska et al, 1999 Rajkowska et al, , 2005 . It was also hypothesized that alterations in features of CB-IR and PV-IR neurons would differ between the two prefrontal regions, in light of the distinct laminar distribution for each of the two types of neuron.
MATERIALS AND METHODS

Human Subjects
Post-mortem brain samples were collected at autopsy from 25 subjects at the Cuyahoga County Coroner's Office in Cleveland, OH. Informed written consent was collected from the legal next-of-kin of all subjects. Next-of-kin were interviewed and retrospective psychiatric assessments were conducted in accordance with Institutional Review Board policies as described previously Stockmeier et al, 2004) . Fourteen subjects met clinical criteria for MDD, and 11 subjects did not meet criteria for an Axis I disorder (termed normal controls) based on the Diagnostic and Statistic Manual of Mental DisordersF Revised DSM-IV (see Tables 1 and 2) . A trained interviewer administered one of two structured clinical interviews to next-of-kin of subjects in the study. Diagnoses for Axis I disorders were assessed independently by a clinical psychologist and a psychiatrist, and consensus diagnosis was reached in conference, using all available information from the knowledgeable informants, the coroner's office, and previous hospitalizations and doctors' records. Kelly and Mann (1996) have validated the use of the so-called psychiatric autopsy by demonstrating good agreement between informant-based retrospective psychiatric assessments of deceased subjects and chart diagnoses generated by clinicians treating the same subjects before death. Subjects met diagnostic criteria for MDD within the last month of life. Among 14 depressed individuals, nine were suicide victims, whereas the other five died of natural causes (two), homicide (one), or as a result of a car accident (two), (Table 2) . Six of depressed subjects had a recent or past diagnosis of a psychoactive substance use disorder ( Table 2) . Removal of these subjects from the analysis did not significantly alter the results or conclusions of this study.
The control subjects were matched with the depressed subjects for age, gender, ethnicity, post-mortem interval (PMI), time in formalin (TF), and brain tissue pH (Tables 1  and 2 ).
Limited numbers of sections in area 9 permitted analysis of PV-IR in 13 of the 14 depressed subjects. In the analysis of CB-IR in area 47, only eight control and 10 depressed 
Tissue Preparation
Tissue was collected at autopsy and fixed in phosphatebuffered formalin (10%) as described previously . Blocks of tissue from the left prefrontal cortex of each subject were embedded in 12% celloidin. Morphometric parameters (cell density and cell size) were measured in two prefrontal regions, ORB (Brodmann's area 47) and dlPFC (Brodmann's area 9), see middle picture on Figure 1 . The tissue blocks were sectioned at a thickness of 40 mm, and stained with either Nissl substance or stained immunohistochemically using antibodies to calbindin-D28K or PV. Nissl-stained sections were used to identify areas 9 and 47 and their individual cortical layers according to cytoarchitectonic criteria described previously (Rajkowska and Goldman-Rakic, 1995a, b; Uylings et al, 2006) . Nissl-stained sections were then used to draw the boundaries between individual cortical layers. These laminar boundaries were imposed as guides on the immunostained sections to determine the laminar distribution of immunoreactive cells. These boundaries were transferred to the immunostained sections by first obtaining images of the region of interest in both the Nissl and the immunostained sections and then outlining the cortical surface and the border between layer VI and the white matter (this border is easily visible both in Nissl and immunostained sections). Then the boundaries between cortical layers in the Nissl sections were drawn and at five points along the cortical surface line, the perpendicular distance to each of the boundaries between layers was measured. Accounting for the thickness of the cortex in each of the immunostained sections, we then marked the borders between cortical layers and obtained the boundaries between layers in the immunostained section by linking the points at each border. These laminar boundaries were then used to identify the borders between superficial cortical layers II + IIIa on the sections immunoreactive for CB, and layers III-VI on the sections immunoreactive for PV. The majority (12 MDD and seven controls) of subjects investigated in our 1999 study were also included in the present study.
Immunocytochemistry
Originally celloidin-embedded tissue was immunostained after the removal of celloidin (Miguel-Hidalgo and . The sections were incubated with a rabbit polyclonal anti-calbindin-D28K antibody at 1 : 750 dilution (Chemicon International Inc., AB1778), or a mouse monoclonal anti-PV antibody at 1 : 1000 dilution (Sigma, S-5768). Binding of these antibodies was detected with a secondary antibody according to the ABC method (ABC kit, Vector Laboratories, CA). The immunostained sections were adjacent to or within 200 mm of the Nissl stained sections used for the identification of the relevant areas. To minimize the variability in the GABAergic neurons in depression G Rajkowska et al intensity of staining, each staining experiment included simultaneously processed sections from both groups of subjects. For each subject, three coronal sections per area and per marker were used for morphometric analyses.
Morphometric Analyses
The counting and size measurements of CB-IR and PV-IR neurons were carried out by two investigators (GO and ZT), naive to the diagnoses. Owing to differences in the laminar distribution of CB-IR as compared to PV-IR interneurons described in monkey and human prefrontal cortex (Conde et al, 1994; Miguel-Hidalgo and Rajkowska, 1999) , CB-IR neurons were analyzed in superficial layer II and upper part of layer III, the sites of greatest prominence. PV-IR neurons were counted in layers III-VI where they are present in the highest density.
The density of CB-IR and PV-IR neurons was estimated with a Â 40 oil immersion objective (1.0 numerical aperture) using the 'Optical Fractionator' probe of Stereo Investigator software (5.00 Beta 2, MicroBrightField Inc.). For the study of CB-IR neurons, 40-60 3-D counting boxes (120 Â 100 Â 15 mm; 1 mm guard zone from the top surface of the section) were placed in each section randomly within the contour outlining layers II + IIIa. For the analysis of PV-IR neurons, 100-130 3-D counting boxes (75 Â 51 Â 15 mm; 1 mm guard zone from the top) were placed within the outline combining layers III, IV, V, and VI. The packing density of immunoreactive cells was calculated in each section by dividing the total cell count in all the counting boxes by the combined volume of all the counting boxes. The size of CB-IR and PV-IR neurons was estimated by measuring the volume of immunoreactive cell bodies with the 'Nucleator' probe of the Stereo Investigator software.
Statistical Analyses
Mean values for cell density and neuronal size (somal volume) obtained from the three sections per brain/per marker were compared between the groups using analysis of covariance (ANCOVA) with age, PMI, storage TF, storage time in ethanol, and brain tissue pH as covariates. Pearson correlation matrices were used to define the influence of confounding variables (age, PMI, TF, time in ethanol, pH) on neuronal density and size.
RESULTS
Area 9
CB-IR neurons. The density of CB-IR neurons was significantly reduced by 50% in the group of depressed subjects (mean7SD without adjusting for the covariates: 4.673.4) as compared to the age-matched control group (9.371.7) (ANCOVA with post-mortem delay, TF, time in ethanol, age at the time of death, and tissue pH as covariates; F(1, 18) ¼ 4.948, p ¼ 0.039; Figures 1a and 2a, b) . The average size of CB-IR cell bodies was also smaller by 18% in the depressed subjects (461.07113.6) as compared to the controls (565.2769.3; ANCOVA F(1, 18) ¼ 5.745, p ¼ 0.028). Comparison of neuronal density and size of CB-IR neurons between a subgroup of depressed suicide victims and depressed nonsuicide subjects revealed no significant differences in any of these parameters between the two subgroups. However, both of these subgroups of depressed subjects had significantly lower values of neuronal density (ANOVA: F (2, 22 The density as well as size of CB-IR neurons was negatively correlated with age in the depressed subjects only (density: r ¼ À0.561, p ¼ 0.037; size: r ¼ À0.563, p ¼ 0.036) and not in the control group Figure 3 (density: r ¼ À0.256, p ¼ 0.447; size: r ¼ À0.568, p ¼ 0.068). However, when we split the depressed group into suicide (n ¼ 9) and nonsuicide subgroups (n ¼ 5) this correlation remain nearly significant only in the depressed suicide subgroup (suicides: Figure 2 Photomicrographs of one pair of age-matched control and MDD subjects showing CB (a and b) and PV (c and d) immunoreactive neurons in the upper two-thirds of the cortical width in Brodmann's area 9 of the dlPFC. Note that CB-IR neurons are localized in upper cortical layers II + IIIa (a and b), whereas PV-IR neurons are more numerous and have a wider distribution across middle and lower cortical layers III-VI (c and d). Although adjacent sections from area 9 were used for each of the markers, there is a 50% reduction in CB-IR neurons in MDD as compared to control subjects, whereas no differences in PV-IR neurons were observed between the groups. Images were obtained using the Â 4 objective, scale bar ¼ 125 mm.
neuronal density: r ¼ À0.638, p ¼ 0.065; neuronal size: r ¼ À0.654, p ¼ 0.056; nonsuicides: neuronal density: r ¼ À0.280, p ¼ 0.648; neuronal size: r ¼ À0.458, p ¼ 0.438). Moreover, there was a nonsignificant trend (r ¼ À0.477, p ¼ 0.085) for an inverse correlation between the density of CB neurons in area 9 and the duration of depression. The longer the duration of illness, the lower the density. The three subjects with the shortest duration (3 months, 1 year, and 5 years, respectively) had the highest density values.
The size of CB-IR neurons was negatively correlated with TF in control subjects (r ¼ À0.619, p ¼ 0.042). However, none of the above-mentioned correlations were statistically significant after applying the Bonferroni correction for multiple comparisons. There were no other significant correlations between the density or size of CB-IR neurons and other confounding variables such as post-mortem delay, TF, time in ethanol, and tissue pH in any of the cohorts.
PV-IR neurons. The packing density of PV-IR neurons in area 9 in the depressed subjects (mean7SD: 8.074.4) was nearly identical to that of the control group (8.071.9, Figures 1b and 2c, 
Area 47
CB-IR neurons. There were no significant differences between depressed and control groups in the packing density (mean7SD, MDD: 6.974.1; controls: 9.376.0) or size (mean7SD, MDD: 448.2757.5; controls: 517.9764.6) of CB-IR neurons. Nonetheless, the high variability in the density of CB neurons suggests that there was insufficient statistical power to either support or reject actual differences between the groups. There was a trend in depressed subjects for lower density (27%), (ANCOVA: F(1, 11) ¼ 4.132, p ¼ 0.067) and smaller size (13%) (ANCOVA: F(1, 11) ¼ 3.483, p ¼ 0.089) of CB-IR neurons (Figure 1c ). In the depressed subjects, no significant correlations were observed between the density or size of CB-IR neurons and post-mortem delay, TF, time in ethanol, or tissue pH. However, in the control group, a significant correlation was detected between the size of CB-IR and age (r ¼ 0.828, p ¼ 0.011) or post-mortem delay (r ¼ 0.757, p ¼ 0.03).
PV-IR neurons. In area 47, the packing density of PV-IR neurons in the MDD group (mean7SD: 4.072.9) was modestly reduced below the control values (4.172.5) when compared after adjusting for the covariates; Figure 1d 
DISCUSSION
The present study provides evidence for a reduction in the density and size of GABAergic interneurons immunoreactive for calbindin-D28K in the prefrontal cortex of subjects with MDD as compared to matched nonpsychiatric controls. The density of CB-IR neurons in layers II + IIIa was significantly reduced by 50% in dlPFC of depressed subjects, with a trend for a reduction in the ORB. The size of CB-IR somata was also decreased by 18% in depression in the dlPFC, with a trend for a reduction in size in the ORB. In contrast, the density of PV-IR neurons in layers IIIb-VI was not significantly different between the depressed and control groups in either the dlPFC or in the ORB. Likewise, soma size of PV-IR neurons was unchanged in depressed subjects in either dlPFC or ORB. The above findings suggest that different GABAergic local circuit neurons may be selectively affected in each of these prefrontal regions. We did not examine the third subpopulation of GABAergic neurons immunoreactive for calretinin as previous studies have not identified significant changes in the density of calretinin-immunoreactive neurons in MDD and we had a limited number of prefrontal sections.
Primate studies reveal that GABAergic inhibitory nonpyramidal neurons can be divided into nonoverlapping subpopulations based on the calcium binding protein, CB, PV or calretinin, they express (Conde et al, 1994; Lund and Lewis, 1993) . These three subgroups together account for virtually all GABAergic neurons. CB-IR and PV-IR Figure 3 Scatter plot illustrating the relationship between the density of CB-IR neurons in area 9 and age at the time of death. Note that the density of CB-IR neurons was significantly inversely correlated with age in the MDD group but not in the control group. GABAergic neurons in depression G Rajkowska et al prefrontal neurons belong to two distinct subpopulations of GABA interneurons (Conde et al, 1994; Zaitsev et al, 2005) . These cells differ by morphology, type of contacts with pyramidal neurons, pattern of firing, and monoaminergic innervation. PV-IR interneurons correspond to basket or chandelier cells, make contacts on somata and axonal initial segments of pyramidal neurons and regulate cortical output activity (Baimbridge et al, 1992; Cauli et al, 1997; Conde et al, 1994; Cruz et al, 2003; DeFelipe, 1989 DeFelipe, , 1997 Gabbott et al, 1997; Lewis and Lund, 1990; Lund and Lewis, 1993; Somogyi et al, 1998) . PV-IR neurons have physiological properties characteristic of fast-spiking interneurons Kubota, 1993, 1997; Zaitsev et al, 2005) . In contrast, CB-IR interneurons have a double bouquet morphology, form characteristic dense axonal collaterals in layer I, make synapses on the dendrites and dendritic spines of pyramidal neurons, and have physiological features consistent with nonfast spiking interneurons (Cauli et al, 1997; DeFelipe, 1997; Gabbott et al, 1997; Kubota, 1993, 1997; Lund and Lewis, 1993; Zaitsev et al, 2005) . In addition, CB and PV cortical neurons differ by specific serotoninergic and dopaminergic innervation (Freund et al, 1990; Hornung, 2003; Hornung and Celio, 1992; Sesack et al, 1995) . For example, cortical GABAergic interneurons containing CB (but not PV) receive terminal arborizations of the large varicose serotoninergic axons coming from the median raphe (Freund et al, 1990; Hornung, 2003; Hornung and Celio, 1992; Smiley and Goldman-Rakic, 1996; Trottier et al, 1996) . Thus, these two different subtypes of prefrontal interneurons may contribute to different prefrontal functions mediated by circuits of the dlPFC and ORB. For example, GABA-mediated inhibition in the dlPFC has been shown to be an important element of working memory (Constantinidis and GoldmanRakic, 2002; Rao et al, 2000; Sawaguchi et al, 1989; Wilson et al, 1994) . GABAergic abnormalities in the ORB have been suggested to be involved in psychomotor retardation, disinhibition, and obsessive-compulsive behavior (Bechara et al, 2000; Cummings, 1993; Volkow and Fowler, 2000) . These behavioral disturbances are associated with dysfunctions of the prefrontal cortex and are among the signs and symptoms exhibited by depressed patients.
The present observations of reductions in specific subpopulations of neurons immunoreactive for calcium binding proteins in MDD are in good agreement with earlier reports of reductions in the neuronal density and/or size of the Nissl-stained general population of neurons in the dlPFC and ORB regions in MDD (Cotter et al, 2002b (Cotter et al, , 2005 Rajkowska et al, 1999) . In those studies, neuronal pathology was observed in the same cortical layers (II-VI) as in the present study. It is also noteworthy that the majority (12 MDD and seven controls) of subjects investigated by Rajkowska et al (1999) were included in the present study. It is of further interest that our present observations on the deficit in GABA neurons found predominantly in the dlPFC and not in the ventrolateral ORB cortex are in agreement with the findings of Merali et al (2004) on region-specific reductions in the mRNA expression of GABA receptor subunits in depressed suicide victims. In this study, reductions in various subunits of GABAA receptors were found in the frontopolar cortex but not in the ventrolateral or dorsomedial prefrontal cortex.
Our present findings, however, are in disagreement with two other post-mortem studies where no changes were observed in CB-IR and PV-IR interneurons in MDD in either the dlPFC (Beasley et al, 2002) or anterior cingulate (Cotter et al, 2002a) cortex. The previous studies were both carried out in the same cohort of subjects in which alternate (left and right) hemispheres were used whereas in the present study, only the left hemisphere was analyzed. In addition, thicker (40 mm) celloidin-embedded sections were used in the current study, permitting the application of 3-D cell counting. These factors coupled with a relatively short PMI (2174 h) and the inclusion of older subjects in our study may largely account for the discrepancies between the present and previous studies.
A deficit in GABAergic interneurons in the frontal cortex of subjects with manic-depressive illness and schizophrenia has been reported (Beasley and Reynolds, 1997; Beasley et al, 2002; Benes and Berretta, 2001; Benes et al, 1998; Cotter et al, 2002a; Kalus et al, 1997; Reynolds and Beasley, 2001) . Our recent unpublished observations also reveal a reduction in the density of CB-IR interneurons in dlPFC of subjects with schizophrenia (Rajkowska et al, 2002) . Moreover, reductions in immunoreactivity for glutamic acid decarboxylase (GAD65) (the GABA synthesizing enzyme; Benes et al, 2000) , mRNA for GAD (Akbarian et al, 1995; Hashimoto and Lewis, 2006; Hashimoto et al, 2003; Volk et al, 2000) , and the GABA membrane transporter, GAT-1 (Pierri et al, 1999; Woo et al, 1998) have been observed in dlPFC and anterior cingulate cortex in manic-depressive disorder and schizophrenia. Whether similar reductions in GAD or GAT-1 mRNA and protein are present in our cohort of depressed subjects is yet to be determined. Other recent reports suggest that alterations in GABA receptor subunits may be involved in the genetic pathophysiology of depression and suicide (Choudary et al, 2005; Henkel et al, 2004; Sen et al, 2004; Merali et al, 2004) . Our preliminary observations of reduced mRNA for GABA receptor subunits in the dlPFC of the same subjects as studied here (Duman RS et al, unpublished observations) are in accord with our present findings on reduced density of GABA interneurons immunoreactive for CB.
The observations presented here, suggesting a deficit in GABAergic neurons in depression, are supported by recent clinical reports of reduced GABA levels in plasma and cerebrospinal fluid in mood disorder patients (Brambilla et al, 2003; Petty, 1995; Sanacora et al, 1999 Sanacora et al, , 2004 . A proton magnetic resonance spectroscopy study in live patients shows a highly significant 52% reduction in GABA levels in the occipital cortex of 14 medication-free depressed subjects (Sanacora et al, 1999) . Later studies by the same group demonstrate that low levels of GABA in the occipital cortex can be reversed by treatment with SSRIs or ECT (Sanacora et al, 2002 (Sanacora et al, , 2003a . The ability of an SSRI to normalize GABA levels in depression and even increase it in healthy subjects (Bhagwagar et al, 2004b) suggests close interactions between these systems. Immunohistochemical studies reveal the presence of serotonin-1A (Aznar et al, 2003) and serotonin-2A (Jakab and Goldman-Rakic, 2000; Pazos et al, 1987b) receptors on nearly all CB-IR and PV-IR neurons. Moreover, serotonin-1A receptors are preferentially found in layer II of human prefrontal cortex (Burnet et al, 1995; Pazos et al, 1987a; Varnas et al, 2004) and PET studies show a significant reduction in radioligand binding to serotonin-1A receptors in depressed subjects (Bhagwagar et al, 2004a; Sargent et al, 2000) .
Reductions in the density of CB-IR and PV-IR neurons observed in the present study in MDD are most likely attributable to the disorder itself, as significant differences in the density of these cells between control and depressed groups remain after controlling for confounding variables such as duration of PMI, TF, tissue pH, and age and suicide. Among these confounding variables, there was a small (4%) but significant difference between the groups for brain pH and a larger (45%) difference for tissue fixation time. TF is unlikely to have influenced the reductions in the density of CB-IR and PV-IR neurons in the MDD group as the average length of TF for the MDD group was less than half of that of the control group.
There was a significant positive correlation between pH and the density of PV-IR neurons in the ORB region in subjects with MDD but not in control subjects. Similar correlations between pH and the density of CB-IR and PV-IR neurons were reported in two other post-mortem studies (Beasley et al, 2002; Cotter et al, 2002a) . However, it is not specified in these studies whether the correlation was found only in the group of mood disorder patients or in the entire cohort of subjects studied. Several other studies which observed reductions in CB-IR or PV-IR neurons in manicdepressive illness or schizophrenia did not include pH as a covariate in their analyses (Beasley and Reynolds, 1997; Benes et al, 2000; Daviss and Lewis, 1995; Iritani et al, 1999; Kalus et al, 1997; Pierri et al, 1999; Reynolds and Beasley, 2001; Woo et al, 1997 Woo et al, , 1998 . The intriguing correlation between pH and cell density observed in the present study was also noted in three other analyses on our post-mortem brain samples (Karolewicz et al, 2004; Rajkowska et al, 2005; Van Otterloo et al, 2005) . The exact mechanisms by which tissue pH and neuronal density may influence each other are not known yet. Changes in the physiological parameters of neurons and glial cells, and alterations in glutamate uptake and calcium metabolism, have been associated with changes in the intracellular or extracellular tissue pH (Balestrino and Somjen, 1988; Caspers and Speckmann, 1972; Dipolo and Beauge, 1982; Goldman et al, 1989; Gruol et al, 1980; Pappas et al, 1994; Robello et al, 1994; Takahashi et al, 1995) . It is also known that changes in tissue pH are associated with certain pathological conditions such as ischemia or head injury (Billups and Attwell, 1996; Cadoux-Hudson et al, 1990; Smith et al, 1986) . Prolonged agonal state related to hypoxia may also lower brain tissue pH (Tomita et al, 2004) . This is, however, unlikely to be the case in our subjects as all of them were victims of sudden death (either by suicide, or due to accidental causes). Our observations of a correlation between pH and cell density or protein level found predominantly in the MDD but not control subjects suggest an association between brain pH and depressive states which might be related to glial damage (possibly astrocytes) or metabolic disturbances in glutamate levels reported in MDD (reviewed by Rajkowska (2003) and Sanacora et al (2003b) .
In MDD, there was a negative correlation between age and density of CB-IR and between age and size of PV-IR. The older the subjects, the lower the density or size of immunoreactive neurons. This would suggest an age-related decline in calcium binding GABA interneurons. The influence of age of depressed subjects on the density and size of GABA interneurons may also be related to the cause of death as we observed nearly significant correlations between these parameters in the depressed suicide subgroup (n ¼ 9), whereas they were nonsignificant in the nonsuicide subgroup (n ¼ 5). However, this issue has to be further explored as we did not have many elderly (over 60 years of age) subjects in the studied cohort (six MDD and three controls), and only five depressed subjects died by causes other than suicide. Thus, we did not have enough statistical power to establish the full magnitude of this relationship.
The actions of serotoninergic antidepressant drugs, antipsychotic drugs, and ethanol may be partially mediated by GABA neurotransmission within circuits in the frontal cortex (Cummings, 1995) . A deficit in cortical GABA activity may contribute to the etiology of drug and alcohol dependence Ke et al, 2004; LingfordHughes et al, 1998) . It is, however, unlikely that the reductions observed in the density and size of CB-and PV-IR neurons were influenced by psychotropic medications. Antidepressant drugs were detected post-mortem in only two of the eight depressed subjects with a recent prescription for an antidepressant drug and in one depressed subject with a prescription for antipsychotic medications. Ethanol was present in the blood of only three of the 14 MDD subjects. Neuronal density values were comparable between all depressed subjects regardless of medication history.
In summary, this is the first observation of reductions in the density and size of GABAergic interneurons immunoreactive for calcium binding proteins in the prefrontal cortex of subjects with MDD. This observation in post-mortem tissue is consistent with recent neuroimaging reports of an antidepressant-reversible deficit in GABA levels in MDD and with microarray studies (including our own preliminary observations) on alterations in GABA-related gene expression in depression. The present study, however, has some limitations. We have not yet investigated whether cell loss of GABAergic neurons or decrease in the concentration of calcium binding proteins within individual cells account for the observed reductions in the density of cells expressing calcium binding proteins. It is also unknown whether the expression of GAD or other GABA-and/or GABA receptor-related proteins is altered in our cohort of depressed subjects. Further immunohistochemical and in situ hybridization studies may answer these questions. National Center for Research Resources (NCRR, RR17701), a component of NIH.
